Steel and Bock, 1983), but have been noted in an occasional hair cell as early as postnatal day 1. After degeneration of their stereocilia and cuticular plate, hair cells appear to shrink and disappear so that after ‫3ف‬ months all that remains of the organ of Corti is a thin layer of dedifferentiated cells resting between collapsed pillar cells on the basilar membrane. In the vestibular system of jerker mice, the macula utriculi and macula sacculi exhibit a similar, although slower, hair cell degeneration and loss, whereas the hair cells of the cristae ampullares appear to be less affected. Measurements of auditory brainstem response indicate that jerker mice are totally deaf from postnatal day 12 onward (Steel and Bock, 1983 ; Sjö strö m and Anniko, 1990b). In addition to deafness, jerker mice display other features of the typical shaker-waltzer behavior, namely hyperactivity, circling movements, and head tossing (Grü neberg et al., 1941), which are presumed to reflect abnormalities within the vestibular system (Anniko et al., 1989; Sjö strö m and Anniko, 1990a).
In this report, we demonstrate that espin actinbundling proteins are present in hair cell stereocilia and supply multiple lines of evidence linking the jerker mutation to the espin gene.
Results

Espins Are Present in the Stereocilia of Hair Cells in the Cochlea and Vestibular System
An affinity-purified, highly specific rabbit polyclonal antibody directed against the 167 residue C-terminal peptide shared among known espin isoforms was found to label hair cell stereocilia in a variety of species. This result is illustrated for mouse cochlear ( Figure 1A ) and rat vestibular hair cells ( Figures 1B and 1C ) in cryostat sections of decalcified preparations from adult animals and for hair cells in whole mounts of isolated cochlear sensory epithelium from day 13 chicken embryos (Figures 2A and 2B) . Consistent with the localization of espins to parallel actin bundles in other cell types (Bartles et al., 1996 (Bartles et al., , 1998 , the stereocilia showed considerably more labeling than the bodies of the hair cells ( Figures 1A  and 1C ) and the actin filament meshwork of the cuticular plate ( Figures 2B and 2C ). Intense specific labeling of hair cell stereocilia was also observed in 9-and 21-dayold mice, 5-day-old chickens, day 15 chicken embryos, and 5-day-old gerbils (data not shown).
Mouse and chicken hair cells appeared to contain an espin protein intermediate in apparent molecular mass between espin ‫011ف(‬ kDa) and small espin ‫03ف(‬ kDa). Because of the small size of the inner ear, it was necessary to pool preparations from 5 to 6 animals to obtain enough material for Western blotting. The affinity-purified espin antibody directed against the 167 residue shared C-terminal peptide reacted with a major band of 45 kDa and minor bands of 40 kDa and 30 kDa in SDS deafness genes mapped by linkage studies in the mouse espin antibody directed against a 262 residue peptide (amino acids 459-720; Figure 3B ) from a more central (Steel, 1995) , one that shows primary defects at the level of the stereocilia and maps to this location is the jerker region of the espin protein ( Figure 4B ). This antibody detected a minor cross-reacting doublet at ‫07ف‬ kDa mutation (80.1 cM; Mouse Genome Informatics accession ID MGI:96636), first reported by Grü neberg et al.
( Figure 4B , bracket), but these bands were also present in samples from the CBA wild-type control mice. Al-(1941).
Jerker mice showed prominent defects in espin prothough major bands indicative of an accumulation of truncated or mutated espin proteins were not detected tein expression in multiple tissues. The affinity-purified espin antibody directed against the 167 residue shared in jerker specimens, a faint triplet of specifically labeled bands at ‫011ف‬ kDa in the testis homogenates of jerker C-terminal peptide reacted with bands expected for espin ‫011ف(‬ kDa) and small espin ‫03ف(‬ kDa) in the testis homozygotes emerged upon overexposure of the blot in Figure 4B (data not shown). The combined intensity and kidney homogenates of jerker heterozygotes, but the levels of these proteins were less than those deof these three bands was estimated by laser densitometry to be ‫%3ف‬ of that observed for the 110 kDa espin tected in age-matched CBA wild-type control mice (Figures 4A and 4C ). More importantly, the testis and kidney band of jerker heterozygotes. The hair cells of jerker homozygotes were also found homogenates of jerker homozygotes showed no specific antibody labeling in the positions expected for esto contain reduced levels of espin protein. This result is illustrated in Figure 5 for vestibular hair cells in cryopin and small espin ( Figures 4A and 4C) . This was the case even upon further overexposure (data not shown).
sections from jerker heterozygotes and homozygotes on postnatal day 16. Postnatal day 15 or 16 is when A similar result was obtained when the testis homogenate blots were labeled using a different affinity-purified jerker homozygotes can first be reliably identified on the hair cells that could be identified in the sections from the jerker homozygotes (data not shown). Roughly equal levels of espin mRNAs-of normal apparent size-were detected in the tissues of jerker homozygotes and heterozygotes. This is illustrated for testis RNA ( Figure 4D ) and kidney RNA ( Figure 4E ) by RT-PCR using primers that amplified a 288 bp fragment from the 3Ј end of the coding region of the espin and small espin mRNAs. Comparable results were obtained by RT-PCR using primers that amplified overlapping fragments along the entire coding sequences of the espin and small espin mRNAs (data not shown). In each instance, the identity of the fragment was confirmed by DNA sequence analysis (see below).
The Espin Gene of Jerker Mice Contains a Frameshift Mutation that Alters the Sequence of the Shared C-Terminal Actin-Bundling Module
The coding portion of the espin gene of jerker mice was found to contain a single point mutation, a frameshift mutation that affected the shared C-terminal actinbundling module of the espins. The mutation was first noted upon DNA sequence analysis of espin and small espin cDNAs produced by RT-PCR analysis of testis and kidney RNA from jerker homozygotes and heterozygotes. Mouse espin cDNA (GenBank accession number AF239886) encoded a protein that was 96% identical to rat espin, but its sequence differed slightly from that inferred previously (Chen et al., 1999) in that it included two additional small exons (p and s, Figure 6A ) not present in rat espin cDNA. Compared to the wild-type espin creased numbers of arginines and serines, decreased numbers of glutamates, and a single cysteine residue within its C terminus (Figures 6D and 6E) . No other basis of their circling behavior, but it precedes the time when hair cell loss becomes pronounced within the vesframeshift mutations or premature stop codons were detected within the coding portion of the espin cDNA tibular system (Sjö strö m and Anniko, 1990a). When the sections were labeled with the affinity-purified antibody from jerker homozygotes. The sequence of the espin cDNA in the jerker heterodirected against the more central portion of the espin protein (amino acids 459-720; Figure 3B ), the stereocilia zygotes was identical to that in the jerker homozygotes throughout the entire coding region, with one notable on the hair cells of the heterozygote showed strong specific labeling ( Figure 5A ). In contrast, the hair cells exception: the sequence became undecipherableappearing as if more than one sequence was presentof the homozygote showed no labeling beyond a faint cytoplasmic background ( Figure 5B ) comparable to that beginning precisely at the position of the missing G when approached by automated DNA sequencing from observed in controls labeled with preimmune IgG instead of espin antibody (data not shown). This absence either direction. This difference in sequence at the position corresponding to nucleotide 2426 in the coding of specific labeling also applied to the residual stereocilia on the vestibular hair cells of the homozygotes. sequence of espin cDNA was also noted when examining the mouse small espin cDNAs produced by RT-PCR Because these stereocilia were generally shorter, less numerous, and unlabeled, they were often difficult to analysis of RNA isolated from the kidneys of jerker homozygotes and heterozygotes (data not shown). Outside see using standard bright-field illumination ( Figure 5B ) but could be seen more clearly with higher magnification of this difference, the coding sequences of the mouse small espin cDNAs from the jerker homozygotes and and contrast ( Figure 5C ). The absence of specific labeling on the hair cells of jerker homozygotes was also heterozygotes were identical and contained no additional frameshift mutations or premature stop codons. noted when using the affinity-purified antibody directed against the 167 residue shared C-terminal peptide of
The frameshift mutation noted in the espin and small espin cDNAs was also evident in the espin gene of jerker the espins and for the small number of residual cochlear
Discussion
The Jerker Phenotype as the Result of a Mutation in the Espin Gene
The data reported above provide strong support for the conclusion that the hair cell degeneration, deafness, and behavioral abnormalities that are the hallmarks of the jerker phenotype are the result of a mutation in the gene that encodes the espin actin-bundling proteins. First, the espin gene maps to the same location of mouse chromosome 4 as the jerker mutation. Second, espin proteins are localized to hair cell stereocilia, the mechanoelectrical signal transducers of the auditory and vestibular systems and the primary sites of degeneration noted in jerker mice. Third, the espin gene of jerker mice has a frameshift mutation that alters the sequence of the C-terminal actin-bundling module shared among all known espin isoforms, including the espins of hair cells. Fourth, although jerker mice appear to have normal levels of espin mRNAs, espin proteins do not accumulate in multiple tissues of jerker mice, including hair cells. This latter result confirms that jerker mice have a defect at the level of their espin proteins and suggests that the frameshift mutation adversely affects the stability of the espins in all cells that ordinarily express the proteins. In light of these findings, we propose that the espin gene be added to the list of deafness genes that encode proteins of the hair cell actin cytoskeleton. A rat homolog of jerker has been identified and mapped to the syntenic region of rat chromosome 5 (Truett et al., 1996) . Knowl- (Bartles et al., 1998) , in addition to many other recognizable features of the espins. Further experiments will be required to determine whether the ‫05-54ف‬ kDa proteins detected in inner ear extracts represent a mice. Exon x of the espin gene ( Figure 6A ) was amplified from the genomic DNA of jerker heterozygotes and honovel isoform, identical to Sertoli cell espin but with a shorter N terminus, or whether they are derived from mozygotes by high-fidelity PCR. When the PCR products obtained from the heterozygote were subcloned espin by proteolysis. The deficiency of espins in jerker mice appears to and sequenced individually, a mixture of mutated and wild-type sequences was obtained. Two-thirds of the have a greater impact on stereocilium stability than stereocilium assembly. To the extent that they have been clones (12/18) displayed a sequence like that of the wild-type espins, which included the G at position 2426 examined, the morphological aspects of hair cell stereociliogenesis appear remarkably normal in jerker homo-( Figure 6B ), whereas one-third of the clones (6/18) were missing the G (Figure 6C) 
